Long-term treatment with nonsteroidal anti-inflammatory drugs (NSAIDs) reduces the risk for Alzheimer's disease (AD). To determine the mechanisms by which inflammation affects AD and how NSAIDs protect against it, we stimulated neuroblastoma cells stably transfected with amyloid precursor protein (APP) with proinflammatory cytokines, which increased the secretion of amyloid-␤ and APP ectodomain. Addition of ibuprofen, indomethacin, peroxisome proliferator-activated receptor-␥ (PPAR␥) agonists, or cotransfection with PPAR␥ cDNA reversed this effect. The inhibitory action of ibuprofen and indomethacin was suppressed by PPAR␥ antagonists. Finally, we observed that the mRNA levels, expression, and enzymatic activity of ␤-secretase were increased by immunostimulation and normalized by NSAIDs. In conclusion, proinflammatory cytokines activate ␤-secretase, and NSAIDs inhibit this effect through PPAR␥.
Introduction
The inflammatory response to neuritic plaques has been proposed to contribute to the pathogenesis of Alzheimer's disease (AD) and to increase neuronal damage. Activated microglia are invariably associated with amyloid deposits in AD brain (Perlmutter et al., 1990; McGeer et al., 1993) , and amyloid peptides are potent glial activators (Dickson et al., 1993; Barger and Harmon, 1997) . Several studies have implied an active role for microglia in the mediation of amyloid toxicity and subsequent secondary tissue damage via release of cytokines and cytotoxic molecules (Tan et al., 1999) . Additional evidence supporting the involvement of inflammation in AD has emerged, such as the upregulation of cytokines and chemokines including interleukin (IL) 1␤ (Griffin et al., 1989) , IL-6, tumor necrosis factor-␣ (TNF␣), IL-8, TGF-␤, and macrophage inflammatory protein-1␣ in the brains of AD patients compared with control individuals (Akiyama et al., 2000) . Furthermore, recent confirmation of polymorphisms in a number of proinflammatory genes, including IL-1 (Nicoll et al., 2000) , IL-6 (Papassotiropoulos et al., 1999) , TNF␣ (McCusker et al., 2001; Perry et al., 2001) , and ␣1-antichymotrypsin, an acute phase protein (Kamboh et al., 1995) , has strengthened the hypothesis of a close involvement of inflammation with AD.
A number of epidemiological studies have provided evidence of a protective effect of long-term medication with nonsteroidal anti-inflammatory drugs (NSAIDs) against AD (Rogers et al., 1993; Rich et al., 1995 , McGeer et al., 1996 Stewart et al., 1997; Akiyama et al., 2000; in t' Veld et al., 2001) . These epidemiological findings are now well supported by recent data showing that long-term in vivo treatment of amyloid precursor protein (APP) transgenic mice with NSAIDs significantly diminished amyloid deposition (Lim et al., 2000) and improved behavior (Lim et al., 2001) .
Recently, NSAIDs were shown to directly affect the generation of amyloid-␤ (A␤) 1-42 independently of cyclooxygenase (COX) activity (Weggen et al., 2001) , substantiating the recent failure of a clinical trial with a selective COX-2 inhibitor and suggesting another mechanism behind the protective effect of NSAIDs. A potential target of NSAIDs is the ligand-activated nuclear receptor peroxisome proliferator-activated receptor-␥ (PPAR␥) (Lehmann et al., 1997; Willson et al., 2000) . NSAIDs directly bind to PPAR␥ and activate its transcriptional regulatory activities.
PPAR␥ has been shown to inhibit the expression of a wide range of proinflammatory genes (Jiang et al., 1998; Ricote et al., 1999; Murphy and Holder, 2000) , thereby protecting neurons from cell death in vitro (Heneka et al., 1999; Combs et al., 2000) and in vivo (Heneka et al., 2000) .
In this study, we tested the hypothesis that the protective action of NSAIDs is mediated by PPAR␥. To this end, we evaluated the action of NSAIDs and PPAR␥ agonists in neuroblastoma cells exposed to cytokines. We demonstrate that inflammatory cytokines and NSAIDs have an important effect on a key enzyme responsible for the generation of A␤. Our data also suggest that PPAR␥ could be a candidate to mediate the actions of NSAIDs in AD.
Materials and Methods

Materials and antibodies.
The following immunostimulants and inhibitors were tested: IL-1␤ (Alexis, Grünberg, Germany), IL-6 (R & D Systems, Wiesbaden, Germany), interferon-␥ (IFN␥) (Sigma, St. Louis, MO), TNF␣ (Roche Diagnostics GmbH, Mannheim, Germany), ibuprofen (Sigma), pioglitazone (Takeda Chemicals, Osaka, Japan), the COX-2 inhibitor NS-398 (Calbiochem, Bad Soden, Germany), the PPAR␥ agonist GW7845, and the antagonists GW0072 and GW5393 (Glaxo Wellcome, Research Triangle Park, NC). The monoclonal antibodies 6E10 (recognizes A␤ 1-17 ) and 4G8 (recognizes A␤ 17-24 ) were obtained from Signet Labs (Dedham, MA), and W0 -2 was a generous gift from K. Beyreuther (University of Heidelberg, Heidelberg, Germany). The monoclonal antibody raised against PPAR␥ was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The polyclonal antibody 369 against the C-terminal (CT) of APP was a generous gift from Sam Gandy (Farber Institute for Neuroscience, Thomas Jefferson University, Philadelphia, PA). Polyclonal antibodies 5313 against N-terminal of APP, antibody against CT-␤-secretase (BACE1) 7520 were generous gifts from C. Haass (Adolf Butenandt Institute, Ludwig-Maximilians-University, München, Germany). Tissue culture reagents were obtained from Invitrogen (Karlsruhe, Germany). All other chemicals were purchased from Sigma.
Cell lines, cell culture, and transient transfection. The human neuroblastoma cell line SK-N-SH was cultured in DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin sulfate. Mouse neuroblastoma N2a cells stably transfected with APP695 containing the Swedish mutation (APPsw, K595N/M596L) were obtained from G. Thinakaran (University of Chicago, Chicago, IL) and were cultured in 60% DMEM with 40% Opti-MEM and 5% fetal bovine serum. All cell lines were incubated at 37°C in a 5% CO 2 atmosphere. Transfections were performed using the calcium phosphate method as described previously (Sastre et al., 1998) with APPsw and recombinant APP 99 C-terminal amino acids (CT-99) cDNAs (obtained from Dr. Efrat Levy, Nathan S. Kline Institute) and mouse PPAR␥ cDNA (from Dr. Ron Evans, The Salk Institute for Biological Studies, San Diego, CA). Cells were incubated for 20 hr with Opti-MEM alone or with the following cytokines: IL-1␤ (10 ng/ml), IL-6 (10 ng/ml), TNF␣ (30 ng/ml), IFN␥ (1 ng/ml), IFN␥ (1 ng/ml) plus IL-1␤ (10 ng/ml), or IFN␥ (1 ng/ml) plus TNF␣ (30 ng/ml).
Determination of secreted APP ectodomain and A␤. Secreted APP (sAPP) in the medium was measured by Western blotting after separation by SDS-PAGE (8% gels) followed by transfer to nitrocellulose membranes and immunodetection with antibodies 5313 or 6E10 and the ECL system (Amersham Biosciences, Freiburg, Germany). The protein bands were scanned and quantified (NIH Image J analysis program). A␤ was immunoprecipitated from conditioned media with protein A beads (Amersham Biosciences) and antibodies 4G8 or W0 -2, separated on 10 -20% Tris-tricine gels (Invitrogen), detected by immunoblotting with antibody 6E10 and quantified by densitometric scanning.
ELISA of amyloid peptides. ELISA for human A␤40 and A␤42 peptides was performed using the capture antiserum joint-reaction forces (JRF)/ cA␤40/14 and 21F12, respectively, and was developed with monoclonal antibodies 3D6 and JRF/cA␤42/14, respectively, as described previously (Dewachter et al., 2002) .
Analysis of APP C-terminal domains. C-terminal domains (CTFs) were analyzed by immunoblotting with antibody 369 of membrane extracts from APPsw stably transfected N2a cells or transiently transfected SK-N-SH cells, as described previously (Sastre et al., 2001) . CTF␥ was generated in vitro from membrane preparations of the indicated cell lines according to procedures described previously (Sastre et al., 2001 ). Membranes were pelleted by centrifugation for 20 min at 16,000 ϫ g at 4°C, washed, and resuspended in assay buffer (150 mM sodium citrate, pH 6.4). To allow generation of CTF␥, samples were incubated at 37°C for 1 hr. After termination of the assay, samples were separated by centrifugation at 16,000 ϫ g at 4°C. Supernatants were separated by electrophoresis using 10 -20% Tris-tricine gels, and CTF␥ was analyzed by immunoblotting with antibody 369 using ECL and quantified by densitometric analysis. Determination of BACE1 expression and activity. Cells were harvested in PBS and lysed in radioimmunoprecipitation assay buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, and 50 mM Tris-HCl, pH 7.2), and 100 g protein samples were separated in 8% SDS gels, followed by immunoblotting with antibody 7520. Analysis of relative intensity was performed by a computer-assisted densitometry system. The enzymatic activity of BACE1 was measured by a fluorimetric reaction (R & D Systems).
Immunocytochemistry. The subcellular localization of PPAR␥ and APP was performed by immunocytochemistry in N2a cells transiently transfected with APPsw and PPAR␥ using fluorescent secondary antibodies. Transfected cells grown on coverslips were permeabilized and fixed in methanol at Ϫ20°C for 10 min. Cells were washed in PBS, pH 7.4, blocked with 1% bovine serum albumin in PBS for 10 min, and incubated with primary antibody in blocking buffer for 1 hr at 37°C. Cells were incubated with secondary antibodies for 1 hr at 37°C. The coverslips were mounted on glass slides using Vectashield mounting medium (Vector Laboratories, Burlingame, CA). For the detection of APP, we used polyclonal antibody 5313 (1:50) and for staining of PPAR␥, we used the anti-PPAR␥ E-8 monoclonal antibody from Santa Cruz Biotechnology (1:100).
RNA preparation and reverse transcription-PCR. Total RNA was extracted using Trizol reagent according to the manufacturer's instructions (Sigma). Reverse transcription (RT)-PCR was performed as described previously (Heneka et al., 2000) . The following primers were used: for BACE1, 5Ј-GGCGGGAGTGGTATTATGAGGTGA-3Ј and 5Ј-TATT-GCTGCGGAAGGATGGTGA-3Ј; for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 5Ј-ACGACAGTCCATGCCATCAC-3Ј and 5Ј-TCCACCACCCTGTTGCTGTA-3Ј. PCR conditions were 35 cycles at 95°C for 30 sec, annealing at 63°C for 45 sec, and extension at 42°C for 45 sec. PCR products were separated by electrophoresis through 2% agarose-containing ethidium bromide, and the fluorescence was recorded and band densities were quantified using the NIH Image J program.
Statistical evaluation. Data were statistically analyzed by Systat (Evanston, IL) using ANOVA followed by Tukey's test.
Results
Effect of inflammatory cytokines on APP processing
Previous reports have indicated that some inflammatory cytokines can influence A␤ formation in cultured human neuroblastoma cells and astrocytes; however, they did not define the mechanisms involved (Blasko et al., 1999 (Blasko et al., , 2000 . Because this is fundamental to the proposed study, we reevaluated these experiments. Cytokines that have been linked to AD were analyzed for their effect on APP processing in mouse neuroblastoma N2a cells permanently transfected with APPsw. After incubation for 20 hr with IL-1␤, IL-6, TNF␣, IFN␥, and the combinations IFN␥ plus IL-1␤ and IFN␥ plus TNF␣, the media were analyzed by Western blotting with antibody 5313 to determine the total soluble fraction of sAPP or 6E10 for ␣-sAPP. Total secreted APP as well as ␣-sAPP were increased by addition of the cytokines, most prominently with combinations of IFN␥ and TNF␣ ( Fig. 1 A,B) . Increased APP secretion was not attributable to increased APP expression, as observed in neural cells (Blasko et al., 1999) (Fig. 1C) , but rather to a direct effect on APP processing causing increased A␤ generation and APP secretion.
Confirming results of Blasko et al. (1999 Blasko et al. ( , 2000 , IFN␥ plus IL-1␤ and IFN␥ plus TNF␣ increased secretion of A␤ into the medium of N2a cells stably transfected with APPsw ( Fig. 2 A,B) . A specific ELISA for A␤ and A␤ 1-42 demonstrated both to be significantly increased in media from cells stimulated with TNF␣, IFN␥ plus IL-1␤, or IFN␥ plus TNF␣ (Fig. 2C) . Incubation of N2a cells for different times demonstrated that this effect was already evident at 4 hr, was maximal at 20 hr, and persisted for up to 48 hr (data not shown). The same results were obtained in SK-N-SH cells transiently transfected with APPsw (data not shown).
Effect of NSAIDs and PPAR␥-agonists on APP processing
N2a cells stably transfected with APPsw were immunostimulated with IFN␥ plus TNF␣ for 20 hr followed by incubation with either ibuprofen or the specific PPAR␥ agonist pioglitazone for 4 hr. Ibuprofen (at 1-200 M) and pioglitazone (10 -100 M) reversed the effects of inflammatory cytokines on the secretion of total sAPP and ␣-sAPP (Fig. 3A,B ) without affecting total APP expression (Fig. 3C) . In unstimulated cells, neither ibuprofen nor pioglitazone affected the expression or secretion of APP (Fig. 3A-C) .
Ibuprofen and pioglitazone also decreased the levels of secreted A␤ from stimulated cells, thereby reversing the effect of the proinflammatory cytokines IFN␥ plus IL-1␤ (Fig. 4 A,B) or IFN␥ plus TNF␣ (Fig. 4C) . Secretion of A␤ from unstimulated cells was not affected by ibuprofen or pioglitazone treatments (Fig. 4C) . The same results were obtained in SK-N-SH cells transiently transfected with APPsw. In N2a cells, a nonthiazolidinedione PPAR␥ agonist (Willson et al., 2000) , GW7845, caused the same effects as pioglitazone (data not shown). Ibuprofen and pioglitazone decreased the generation of both A␤ 1-40 and A␤ 1-42 levels (Fig. 4 D) . To determine whether NSAIDs other than ibuprofen could reduce A␤ generation, we examined the role of indomethacin, which acts as a nonselective COX inhibitor as well as a PPAR␥ agonist (Lehmann et al., 1997) . Under inflammatory conditions, 4 hr incubation with 1-10 M indomethacin decreased total A␤ levels (Fig. 4 E) , as demonstrated for ibuprofen.
To rule out the possibility that the effect of ibuprofen was mediated by COX-2 inhibition, we performed experiments using the COX-2 inhibitor NS-398 under the same conditions as above. The levels of secreted A␤ remained unchanged after addition of 10 or 50 M NS-398 under inflammatory and noninflammatory conditions (data not shown).
Modulation of A␤ secretion by PPAR␥
To study the effect of PPAR␥ on cytokine-induced APP processing, we transiently transfected PPAR␥ cDNA into the N2a cells that stably expressed APPsw. The efficiency of transfection and the subcellular localization of both proteins were monitored by immunofluorescence (Fig. 5A) . The cellular distribution of APP was demonstrated with antibody 5313. Expression of PPAR␥ was observed in the cell nucleus as anticipated (Fig. 5A ). Experiments were done with cultures that contained Ͼ80% fluorescent cells.
The amount of A␤ secreted into the medium by N2a cells stably transfected with APPsw, and that transiently expressed PPAR␥, was decreased compared with cells untreated or treated with IFN␥ plus IL-1␤ (Fig. 5B) . This was confirmed by ELISA and found to be statistically significant (Fig. 5C) .
To understand the action of PPAR␥ on the processing of APP, we analyzed the levels of the different APP C-terminal stubs by Western blotting of membrane preparations from the N2a cells permanently transfected with APPsw with antibody 369. The CTF-␤ fragment resulting from cleavage by BACE1 and the CTF-␣ fragments were decreased in cells treated with ibuprofen, as well as in cells overexpressing PPAR␥ (Fig. 5D ). This effect did not result from altered expression of total APP (Fig. 5D ) and was consistent with the decreased levels of sAPP and A␤ after incubation with NSAIDs and PPAR␥ agonists. The levels of CTF-␥ fragments were similarly affected by the treatment (Fig. 5D) , which is likely secondary to the decrease in ␤-stubs and ␣-stubs, their obligate precursors.
An additional argument proving the role of PPAR␥ in mediating the action of ibuprofen was found in the action of the PPAR␥ antagonists (Willson et al., 2000; Willson, 2003) GW0072 and GW5393 on N2a cells. Both drugs reversed the suppressive effect of ibuprofen on A␤ generation (Fig. 5E,F ) .
Effect of NSAIDs and PPAR␥ agonists on the secretases of APP
To confirm previous reports, which claimed that ␥-secretase cleavage site is influenced by NSAID treatment (Takahashi et al., 2003) , ␥-secretase activity was measured by in vitro assays of membranes prepared from N2a cells stably transfected with APPsw. Incubation of ibuprofen and pioglitazone did not decrease the formation of the CTF-␥ fragment (Fig. 6 A,B) , as observed by Weggen et al. (2003) . Therefore, a direct inhibition of ␥-secretase activity by these drugs at the ⑀-cleavage site seems to be unlikely.
Another measurement of ␥-secretase activity was performed by measuring A␤ in cells transfected with a construct coding for a truncated APP consisting of the CT-99 amino acids, which can be cleaved only by ␥-secretase to produce A␤. The levels of total A␤ secreted by these cells were not affected by any of the cytokines or drug combinations applied (Fig. 6C,D) . These experiments verify that neither the inflammatory cytokines nor ibuprofen or PPAR␥ activation affected the ␥-secretase cleavage of APP under these conditions.
We evaluated the ratio A␤ 1-40 /A␤ 1-42 from the ELISA experiments shown above. As stated above, inflammatory stimulation had little or no effect on the ratio of A␤ 1-40 /A␤ 1-42 (Fig. 6 E) . However, ibuprofen increased somewhat the A␤ 1-40 /A␤ 1-42 ratio (Fig. 6 E) , indicating a tendency toward less A␤ 1-42 production, as observed by others (Weggen et al., 2001) .
Having excluded ␥-secretase as the target modulated by cytokines, ibuprofen, or pioglitazone under immunostimulated conditions, we evaluated their effect on BACE1. Incubation of N2a or SK-N-SH cells overexpressing APPsw with cytokines increased BACE1 protein levels significantly, as demonstrated by Western blotting using antibody 7520 (Fig. 7A,B) . The increase in BACE1 protein levels was attributable to increased steady-state levels of RNA, as demonstrated by semiquantitative RT-PCR (Fig. 7C,D) .
To determine whether the increase in protein levels led to an increase in enzyme activity, we also measured BACE1 enzymatic activity in the cellular extracts in cells immunostimulated previously with proinflammatory cytokines. The results demonstrated that cytokine treatment increased BACE1 activity in N2a cells, which was statistically significant for the combination of IFN␥ plus IL-1␤ and IFN␥ plus TNF␣ (Fig. 7E) . The same combina- tions of cytokines that led to increased levels of A␤ and sAPP also increased expression and mRNA levels of BACE1.
We also evaluated whether ibuprofen and pioglitazone affected BACE1 transcription, expression, and activity. In N2a cells immunostimulated with IFN␥ plus TNF␣, BACE1 expression was modulated negatively by ibuprofen and pioglitazone (Fig. 8 A,B) . This decrease was likely the consequence of decreased steady-state levels of mRNA, because BACE1 mRNA was similarly decreased after treatment with ibuprofen and pioglitazone (Fig. 8C) . Other NSAIDs such as indomethacin also reduced BACE1 mRNA under inflammatory conditions (data not shown). Addition of PPAR␥ antagonists reversed the inhibitory action of ibuprofen and indomethacin on BACE1 expression and transcription (Fig. 8 D,E) . Finally, the suppressive effect of ibuprofen and pioglitazone was paralleled by a fall of BACE1 enzymatic activity (Fig. 8 F) .
Discussion
The present study seeks to determine the molecular mechanisms by which inflammatory insults interfere with the generation of amyloid peptides and how NSAIDs exert their beneficial effects on AD progression. Combinations of inflammatory cytokines have been shown to increase secretion of A␤ in cultured human neuroblastoma cells and astrocytes (Blasko et al., 1999 (Blasko et al., , 2000 . We demonstrate here that this is not attributable to increased APP expression, as observed previously (Amara et al., 1999; Blasko et al., 1999; Rogers et al., 1999 ), but to a direct effect on APP processing causing increased amyloid peptide generation and APP secretion. This work also demonstrates that mRNA levels, expression, and activity of BACE1 in neural cells is modulated by proinflammatory cytokine stimulation. Moreover, we show that anti-inflammatory drug treatment with NSAIDs and PPAR␥ agonists downregulates immunostimulated A␤ generation by reducing BACE1 expression and activity.
Our results strongly suggest that expression of BACE1 can be regulated by inflammatory stimuli and that ibuprofen and a PPAR␥ agonist such as pioglitazone decreased its steady-state mRNA levels, expression, and, subsequently, enzymatic activity. This evidently would explain how NSAIDs affect the amyloidogenic processing of APP to decrease A␤ formation under inflammatory conditions. BACE1 and presenilin-1 are key enzymes in neuronal A␤ formation, because in their absence, A␤ synthesis is either abolished or considerably reduced (Walter et al., 2001 ). We did not find direct or indirect evidence for any effect of the proinflammatory cytokines on the activity of ␥-secretase on APP processing. Recently, several groups reported an increased BACE1 expression and activity as well as CTF-␤ in brains of sporadic AD patients (Fukumoto et al., 2002; Holsinger et al., 2002; Sun et al., 2002; Yang et al., 2003) . The results are in line with data concerning increased expression and activity of BACE1 in NT2 neurons exposed to oxidative stress (Tamagno et al., 2003) and increased BACE1 immunoreactivity in reactive astrocytes in chronic models of gliosis (HartlageRubsamen et al., 2003) .
There is compelling epidemiological evidence that inflammation significantly contributes to the pathogenesis of AD. Indeed, sustained anti-inflammatory drug therapy dramatically reduces the disease risk and delays the onset and progression of symptoms. The common anti-inflammatory drug ibuprofen crosses the blood-brain barrier (Kunsman and Rohrig, 1993) , but the mechanism by which NSAIDs reduce AD brain pathology is unknown (Alafuzoff et al., 2000) . The suggestion that ibuprofen would prevent amyloid load and plaque formation is based on . The problem can partially be explained by the use of different approaches and methods and by the use of different concentrations of ibuprofen in conjunction with different cell culture conditions. The use of inflammatory stimuli in the present study was chosen because an increasing body of evidence suggests that AD brains contain a wide range of proinflammatory mediators including various cytokines (Akiyama et al., 2000) . Therefore, we believe that cells and enzymatic systems involved in APP processing are under constant influence of inflammatory molecules; thus, APP processing needs to be studied under conditions reflecting the presence of inflammation in AD brains. Any or all of these could be critical factors in demonstrating the effects and in analyzing the underlying molecular mechanisms.
Ibuprofen has no effect on the cleavage of APP that generates CTF-␥ (present work; Weggen et al., 2003) or on the corresponding cleavage of Notch (Weggen et al., 2001) . The action of ibuprofen is demonstrated in the present work to reside in the inhibition of the inflammatory response that increased BACE1 activity. It should be noted that both of our reported findings were totally unexpected and appeared to be unrelated until the combination of immunological and pharmacological effects led us to probe and demonstrate a role of PPAR␥ in transcriptional control of BACE1 and its activity on APP. We hypothesize, therefore, that the beneficial effect of ibuprofen is evident only under inflammatory conditions, at least as far as the generation of A␤ is concerned.
Other observations suggested that NSAIDs decreased A␤ secretion by mediation of COX, but specific COX-2 inhibitors are ineffective in AD and do not affect A␤ generation (Skovronsky et al., 2001; Aisen et al., 2003) . Furthermore, clinical studies suggest that NSAID doses showing optimal efficiency seem to correlate with the range of occupancy of these drugs for PPAR␥, which are much higher than the concentrations required to inhibit COX (Jiang et al., 1998) . In addition, ibuprofen inhibits COX activity at much lower concentrations than those needed to affect APP processing and must therefore operate via different molecular mechanisms Landreth and Heneka, 2001) . Ibuprofen acting as a PPAR␥ agonist inhibits inflammatory cytokine synthesis and blocks A␤-stimulated expression of IL-1␤, IL-6, TNF␣, COX-2 (Combs et al., 2000 (Combs et al., , 2001 , and the chemokine monocyte chemoattractant protein-1 gene (Murao et al., 2000) . Two other PPAR␥ agonists, pioglitazone and GW3478, mimicked the effects of ibuprofen in this study. Importantly, overexpression of PPAR␥ itself led to the identical effect. Furthermore, the PPAR␥ antagonists GW0072X and GW5393X reversed the suppressive effect of ibuprofen, completing this combination of four independent arguments to firmly establish the direct action of PPAR␥ on BACE1 expression and thereby on amyloidogenic APP processing.
In conclusion, the current work supports the hypothesis that inflammation affects AD pathology by increasing the generation of amyloid peptides attributable to increased steady-state mRNA levels, expression, and activity of BACE1. An important fundamental question for future investigation concerns the downstream signal cascades that control the BACE1 gene promoter in response to immunostimulation. Our work also indicates the existence of a vicious cycle that accelerates the development of AD, because amyloid peptides cause microglial activation and astrocytosis and, therefore, increased secretion of a number of cytokines. These cytokines may subsequently upregulate BACE1 expression and increase A␤ generation, which serves to drive a fulminating, feedforward mechanism. Second, we observed an effect on the generation of A␤ 1-42 by ibuprofen, reported previously by other groups. The third important point of this study is that ibuprofen is able to decrease total A␤ levels only under inflammatory conditions, and this effect seems to be mediated by PPAR␥. Therefore, the development of new drugs targeting PPAR␥ would be of great interest for future treatments of AD. 
